The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or charge, for personal research or study, educational, or not-for-prot purposes provided that:
Emerging CRISPR/Cas Systems for GE
To overcome the limitations of the CRISPR/Cas9 system (Box 2), a variety of CRISPR systems have been generated for efficient GE. The Cas9 variant CjCas9, derived from Campylobacter jejuni, is composed of 984 amino acid residues (2.95 kbp) and has been used for efficient GE in vitro and in vivo. CjCas9 is highly specific and cuts only a limited number of sites in the genomes of mouse or human. Delivered through adeno-associated virus (AAV), it has been shown to induce targeted mutations at high frequencies in retinal pigment epithelium (RPE) cells or mouse muscle cells. For example, it was used to target the Vegfa or Hif1a gene in RPE cells, which reduced the size of laser-induced choroidal neovascularization, so providing a new option for the treatment of age-related macular degeneration [4] .
Cas13 is a recently identified CRISPR effector and CRISPR/Cas13 can target specific viral RNAs and endogenous RNAs in plants cells [5] . The Cas13 system has high RNA target specificity and efficiency [6] . Cas13 was used to direct ADAR2 deaminase for the modification of RNA (changing adenosine to inosine) in human cells for the recovery of functional proteins to halt disease progression [7] . Recently, CRISPR/Cas13a has been considered as an entirely new CRISPR type that belongs to class II type VI.
Due to the presence of higher eukaryotes and prokaryotes nucleotide-binding (HEPN) domains, it is associated with RNase activity [5] . The CRISPR/Cas9 and CRISPR/LshCas13a systems have each been used to create resistance against potyvirus (an RNA virus) in plants, which indicates that this system can be used in agricultural and biotechnological applications [8] . Recently, a study by Abudayyeh et al. [9] reported a C to U RNA editor referred to as RNA Editing for Specific C to U Exchange (RESCUE), by the directed evolution of ADAR2 into a cytidine deaminase. The RESCUE system has the ability to double the number of pathogenic mutations targetable by RNA editing and enables modification of phospho-signaling-relevant residues. In this study, RESCUE was applied to drive b-catenin activation and cellular growth. RESCUE retains A to I editing activity that enables multiplexed C to U and A to I editing through the use of tailored guide RNAs (gRNAs).
Phage-assisted continuous evolution was used to develop an SpCas9 variant, xCas9(3.7), which recognizes a broader range of protospacer adjacent motifs (PAMs) [10] . xCas9 possesses a higher DNA specificity and editing efficiency, lower off-target activity, and broader PAM compatibility (including NG, GAA, and GAT) than does SpCas9, from which it is derived [11] . Using xCas9(3.7) to replace Cas9 in the BE3 vector led to the creation of a construct known as CBE, which can edit loci containing various PAMs such as NGN, GAT, and GAA [11] . The xCas9 variant mediates BE or DNA cleavage at various non-NGG PAMs. The editing efficiency of xCas9 is variable between different target sites. As with other evolved or engineered Cas9 variants, xCas9 requires high precision matching between gRNA and the target sequence, which must include a G at the 5ʹ end of gRNA and the corresponding first position of the protospacer [12] .
Cas9-NG recognizes a minimal NG PAM and has been used for GE in human cells [13] . Recently, Ren and coworkers [14] evaluated the nuclease activity of Cas9-NG towards various NGN PAMs by Box 1. The Mechanism of the CRISPR/Cas9 System CRISPR/Cas9 has become a vital tool in biological research for both understanding gene function and the improvement of crops, due to its simplicity, versatility, and specificity [32] . CRISPR/Cas systems are classified as types I to VI [97] . Type I systems are characterized based on the occurrence of signature protein Cas3, a protein which contains both DNase and helicase domains used to degrade the target. Type II CRISPR/Cas systems utilize Cas1, Cas2, Cas9, and a fourth protein (Csn2 or Cas4), whereas the type III CRISPR/Cas systems comprise the Cas10 with an indistinct role [98] . The type II CRISPR/Cas system originates from S. pyogenes and comprises three components: the CRISPR RNA (crRNA), trans-activating crRNA (tracrRNA), and a Cas9 protein [99] . Cas9 has the DNA cleavage domains RuvC and His-Asn-His (HNH), which break the double-stranded DNA (dsDNA) site primarily located 3 bp upstream of protospacer adjacent motif (PAM) sequences (5ʹ NGG or 5ʹ-NAG for S. pyogenes Cas9) in the target DNA [100] . The HNH domain cuts a complementary strand of crRNA, whereas the RuvC-like domain cuts an opposite strand of dsDNA [101] . As a result, DNA is repaired in vivo using error-prone nonhomologous end-joining (NHEJ) or homology-directed repair (HDR).
The NHEJ frequently leads to random DNA indels at the cleavage position, whereas HDR executes the precise sequence insertion or gene replacement by adding a donor DNA template with sequence homology at the predicted DSB site [100] . The Cas9 establishes a ribonucleoprotein (RNP) complex with crRNA and tracrRNA to cleave DNA efficiently. The crRNA plays an essential role in matching and recognizing the target DNA. It contains a sequence that guides the Cas9 RNP to a specific locus through base pairing with the target DNA, to form an R loop. The formation of the R-loop activates HNH and RuvC-like endonuclease domains for cleavage of the target and nontarget strands of the DNA, respectively; this results in a DSB [102] . The tracrRNA binds to the crRNA and Cas9 protein that is recruited to the complex [2] . A gRNA is formed as a chimeric molecule consisting of tracrRNA and crRNA anteceded by an 18-20-nt spacer sequence complementary to target DNA adjacent to the PAM. The PAM is a 3-nt (NGG) sequence located immediately downstream of the single-guide RNA (sgRNA) target site, which plays an essential role in binding and for Cas9-mediated DNA cleavage [103] . CRISPR/Cas9, therefore, works in three steps for gene editing: the first step is the expression of nuclear localized Cas9 protein, the second is the generation of gRNA containing 20 nt complementary to the target gene, and the third requires an NGG PAM site recognition located close to the 3ʹ end of the target site. Guided by the sgRNA, the sgRNA and Cas9 search for the target across the genome and create blunt-ended DSBs at about 3 bp upstream of the PAM site ( Figure 1A ) [76] .
Glossary
Base editing (BE): a genome editing system that introduces precise and highly predictable nucleotide changes at genomic targets without requiring donor DNA templates or DSBs and are not dependent on HDR and NHEJ. Clustered regularly interspaced short palindromic repeat (CRISPR): a specialized region of DNA with two distinct characteristics: the presence of nucleotide repeats and spacers. CRISPR/ Cas9 is an RNA guided endonuclease that targets specific DNA sequence explicitly via nucleotide base pairing. CRISPR-associated nuclease 9 (Cas9): the endonuclease derived from diverse bacterial species. Cas9 protein is used in genetic engineering to cut the DNA and ultimately alter the cell's genome. CRISPR RNA (crRNA): The crRNA is transcribed from interval spacer sequences that correlate to the sequences on plasmid or phage (prospacer). The crRNA plays a vital role in matching and recognizing the target DNA. Genome editing (GE): a technique that introduces mutations in the form of insertions and/or deletions (indels) or base substitutions in targeted sequences, so causing DNA modification. Guide RNA (gRNA): a chimeric molecule that consists of tracrRNA and crRNA, anteceded by an 18-20-nt spacer sequence complementary to target DNA before PAM. His-Asn-His (HNH) domain: one of the two endonuclease domains of Cas9 that functions to cleave the complementary strand of CRISPR RNA (crRNA). Homology-directed repair (HDR): a repair pathway that executes the precise sequence or insertion, or gene replacement, by adding a donor DNA template with sequence homology at a predicted DSB site. In the presence of oligo template, HDR induces the specific replacement of genes or allows foreign DNA knock-ins. Indels: a general term used for insertion or deletion mutations. Nonhomologous end-joining (NHEJ): a pathway that repairs DSBs and creates indels or mismatches leading to gene Trends in Plant Science, December 2019, Vol. 24, No. 12 1103 targeting endogenous genes in transgenic rice. Cas9-NG recognizes NAC, NTG, NTT, and NCG in addition to NG PAM. The Cas9-NG-engineered base editors have been successfully used to generate OsBZR1 gain-of-function plants that cannot be created by other available Cas9-engineered base editors. Moreover, the Cas9-NG-based transcriptional activator was shown to efficiently upregulate the expression of endogenous target genes in rice. SpCas9-NG has been used for gene disruption and cytosine BE in rice [15] .
Box 2. The Beneficial Features and Limitations of the CRISPR/Cas9 System
Until recently, the CRISPR/Cas9 system has been considered the best choice for GE in plant species, but there are still some limitations that restrict its widespread application ( Figure I) . Recently, much research has been focused on the modification of this system to improve efficiency and reliability, with new emerging CRISPR/ Cas variants (spCas9-NG, base editing, xCas9, etc.). Key problems with CRISPR/Cas9, and beneficial features of the variants, are summarized as follows: i. The large size of the CRISPR/Cas9 system hinders its editing efficiency, and it is not suitable for packing into viral vectors for delivery to somatic tissues. A smaller-sized CRISPR/Cas is required for efficient GE of plants.
ii. SpCas9 requires a 5ʹ-NGG-3ʹ PAM immediately adjacent to a 20-nt DNA target sequence where it only recognizes the NGG PAM site, and this can limit its effectiveness compared with new CRISPR/Cas variants. However, the xCas9 variant has more target efficiency, high DNA specificity, low off-target activity, and broad PAM compatibility (such as, with NG, GAT, and GAA).
iii. CRISPR/Cas9 can introduce multiple random off-target mutations in the genome [42] . However, new CRISPR/Cas variants have improved editing efficiency of target bases in the sequence of interest by recognizing different PAMs [16] .
iv. CRISPR/Cas9 introduces mutations at nonspecific loci which are similar, but not identical, in homology to target sites.
v. CRISPR/Cas9 needs an Agrobacterium-mediated transformation system for creating a mutant plant, which is costlier and time and resource consuming. However, the use of tissue culture-free genome editing systems offers potential improvements to efficiency.
vi. Difficulties exist for the commercialization of transgenic crops expressing CRISPR/Cas9 in various countries, primarily because of the development costs and constraints imposed by regulatory systems for the field release of genetically modified organisms. In another study, Hua and coworkers [16] used stable transgenic lines for the evaluation of the efficacies of xCas9 and SpCas9-NG to perform gene editing and BE in rice. xCas9 was found to efficiently induce mutations at target sites in rice having NG and GAT PAM sequences. However, base editors using xCas9 failed to edit most of the tested target sites. Nevertheless, SpCas9-NG exhibited a robust editing activity at sites with a variety of NG PAMs without showing any preference for the third nucleotide after NG. xCas9 and SpCas9-NG were observed to have higher specificity than SpCas9 at the CGG PAM site. Different forms of adenine or cytosine base editors containing SpCas9-NG were shown to work efficiently in rice with broadened PAM compatibility.
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CRISPR/Cas12a (Cpf1) is an RNA-guided system, classified as type V of class II CRISPR system. The Francisella novicida U112 (FnCpf1) is analogous to CRISPR/Cas9 but exhibits some unique characteristics [17] . The CRISPR system from Prevotella and Francisella 1 (Cpf1) relies on a T-rich sequence at the 5ʹ-end of the protospacer sequence (5ʹ-TTTN-3ʹ or 5ʹ-TTTV-3ʹ; V = A, C, or G, in some cases), as opposed to the G-rich, NGG sequence for Cas9. While Cas9 produces blunt-ended DNA breaks, Cpf1 generates DSBs with staggered ends at the distal position of a PAM, which may deliver further benefits, especially for knock-in strategies, and might improve the efficiency for nonhomologous endjoining (NHEJ)-based gene insertion [18] . These cohesive DNA ends may enhance the efficiency of DNA fragment insertion by using complementary DNA ends through homology-directed repair (HDR). In addition, Cpf1 is considered as a more suitable GE tool than CRISPR/Cas9 because it only requires a 42-nt CRISPR RNA (crRNA), whereas Cas9 utilizes 100-nt gRNA. However, Cpf1mediated GE is cheaper than SpCas9 because it requires only short synthetic single-guide RNA (sgRNA) sequences [19] . Cpf1 consists of a RuvC-like endonuclease domain along with a Nuc domain to cleave the DNA [20] . However, it lacks the His-Asn-His (HNH) domain and it may include a single active site in the RuvC domain [21] . Interestingly, Cpf1 proteins have RNase activity and have been used to process crRNA arrays for GE in plants [21] . These features increase the insertion efficiency at the Cpf1-cleaved site ( Figure 1B ) [22] . Recently, an enhanced Acidaminococcus sp. Cas12a variant (enAsCas12a) has been engineered with a substantially expanded targeting range that enables the targeting of various PAMs that were formerly inaccessible. On average, enAsCas12a exhibits a twofold higher GE activity at sites with canonical TTTV PAMs compared with wild type AsCas12a. The enAsCas12a has been found to improve the efficiency of multiplex gene editing, C to T BE, and endogenous gene activation. A high-fidelity version of enAsCas12a (enAsCas12a-HF1) has also been engineered to reduce off-target effects [23] .
FnCpf1 is composed of approximately 1300 amino acids, expressed specifically from the Cas9 locus. The Cpf1 array contains nine spacer sequences separated by repeating sequences where each sequence comprises 36 nt [24] . Although various Cas9 orthologs, such as SaCas9 [25] and CjCas9 [4] , are relatively small, the Cpf1 is usually smaller than most of the Cas9 orthologs. Cpf1 targets sequences which possess a high frequency of PAM sequence and so may be particularly suitable for clinical purposes. The wide range of Cpf1 targetable genes has been extended by engineering Cpf1 variants [26] .
CRISPR/Cas14a is a highly compact protein which can be utilized as a guided GE tool for the cleavage of single-stranded DNA (ssDNA) [27] . Recently isolated from nonculturable archaea, it has become an ideal tool for engineering resistance against economically important plant ssDNA viruses because of its sequence-independent and unrestricted cleavage [27] . Based on comparative sequence analysis, 24 different Cas14 gene variants have been identified and these are clustered into three subgroups (Cas14a, Cas14b, and Cas14c) [28] . The size of CRISPR/Cas14a is almost half that of the previously characterized RNA-guided DNA-targeting Cas9 protein. Unlike other known class II systems, Cas14a does not require a flanking sequence (PAM) near the target site [28] . It has been shown by in vitro validation of the PAM requirement that Cas14a can cleave target sites irrespective of the different sequences adjacent to the targets of these different guides [27] . CRISPR/Cas14a is a potential system for engineering resistance against plant ssDNA viruses belonging to the Geminiviridae and Nanoviridae families [29] .
BE is the most recent and a quite different GE system, which introduces precise and highly predictable nucleotide changes at genomic targets without any requirement for donor DNA templates, DSBs, or dependency on HDR and NHEJ [30] . BE technology has been widely used in various organisms and cell lines [30, 31] . It is considered more effective than HDR-mediated base pair substitution because it induces fewer unwanted mutations at the target locus [31] . There are several BE systems that have been used for editing living organisms, including BE3 [32] , BE4 [33] , Targeted-AID [22] , and dCpf1-BE [34] . These systems utilize Cas9 or Cpf1 variants for the recruitment of cytidine deaminases, The trans-activating CRISPR RNA (tracrRNA) is used to stabilize the structure and then activates Cas9 for cleavage of the target DNA. The single-guide RNA [sgRNA (pink)] identifies the target gene and then the Cas9 protein (orange) cleaves both strands of the target DNA through its RuvC and His-Asn-His (HNH) domains. The protospacer adjacent motif (PAM) sequence is primarily required for the Cas9 to cleave DNA. A stretch of 20 bases of sgRNA defines the binding specificity. Two methods repair the DSBs in DNA: homology-directed repair (HDR), which is activated in the presence of a template and results in knockin or gene replacement; and nonhomologous end-joining (NHEJ), which is not precise and permanently results in a gene knockout. (B) The Cpf1 system. Cpf1 is a CRISPR-associated two-component RNA programmable DNA nuclease. The PAM for Cpf1 is TTTN (i.e., a T-rich region). Cpf1 cleaves the target DNA and introduces DSBs, a 5-nt potential staggered cut distal to a 5ʹ T-rich PAM. (C) CRISPR/Cas9 nickase introduces breaks only in strands complementary to the sgRNA. Paired nickase with two sgRNAs introduces staggered DSBs in DNA and then the HDR repairs the DSBs in the DNA. The uracil DNA glycosylase inhibitor (UGI) protein blocks removal of uracil in DNA and the subsequent repair pathway and helps to improve mutation frequency. This figure was created using BioRender (https://biorender.com/). which generate specific C to T alterations by using DNA mismatch repair pathways. Moreover, the adenine base editors, developed by fusion of an evolved tRNA adenosine deaminase with SpCas9 nickase (D10A), generates the conversion of A,T to G,C when directed by sgRNAs to genomic targets in human cells [35] . A cytidine deaminase fusion of Cas9 nickase (Cas-D10A) converts base pairs from C to T or G to A, with a uracil glycosylase inhibitor (UGI) for blocking base excision repair of base changes, so converting CRISPR to a single-base editor [36] . The BE3 system is a base editor consisting of rat cytidine deaminase APOBEC1 linked to a Cas9 nickase [nCas9 (D10A)] and the UGI ( Figure 1C ). BE3 plays a critical role in the conversion of targeted cytidine to thymidine in DNA [37] , and both the efficiency and specificity of its PAM have been increased [38] . The BE systems can use predicted gRNAs for converting codons CAG, TGG, CAA, and CAG into stop codons via C to T conversions [39] .
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A study by Kocak and coworkers [40] showed that the engineering of a hairpin secondary structure onto the spacer region of sgRNAs (hp-sgRNAs) can increase the specificity by several orders of magnitude when combined with numerous CRISPR effectors. The hp-sgRNAs can fine-tune the activity of a trans-activator based on Cas9 from Streptococcus pyogenes (SpCas9). Furthermore, the hp-sgRNAs enhance the specificity of gene editing when using five different Cas9 or Cas12a variants. The secondary structure of the RNA is a fundamental parameter for tuning the activity of various CRISPR systems, and gRNA structures can affect the cleavage of on-and off-target sites [41] . The CRISPR/Cas variants and their potential roles in GE are presented in Table 1 .
Methodology for the Screening of CRISPR/Cas9 and Other CRISPR/Cas System-Induced Mutants
The first 20 nt of chimeric sgRNA and the PAM determine the target specificity of the CRISPR/Cas9 system [42] . Efficient screening methods are crucial for the identification of induced mutations to analyze various genome-edited regenerated plants. The path used from selecting the target gene to genetic transformation by CRISPR/Cas9 system is illustrated in Figure 2 .
qPCR Mutated DNA sequences may be easily determined by amplifying the locus and sequencing the PCR products. qPCR can be used to distinguish homozygous and heterozygous mutations, and this approach has been validated in several plant species, including Arabidopsis (Arabidopsis thaliana), maize (Zea mays), sorghum (Sorghum bicolor), and rice (Oryza sativa). It is an efficient, simple, and rapid method to detect induced mutations [43] .
Surveyor Nuclease and T7 Endonuclease I (T7EI) Assays
Surveyorä nuclease (Transgenomic Inc., Omaha, NE, USA) belongs to the CEL family of mismatch-specific nucleases obtained from celery (Apium graveolens). It identifies and cleaves mismatches because of the occurrence of small indels or SNPs and cleaves both DNA strands downstream of the mismatch and detects indels of up to 12 nt [44] . The Surveyor nuclease and T7EI assays are extensively used and considered appropriate for any target sequence. They recognize and digest mismatched heteroduplex DNA. However, the detection sensitivity of these methods is much lower than PCR/RE (restriction enzyme) assays and are more time and labor consuming [45] . T7E1 can, however, recognize and cleave various dsDNA molecules if their structure is curved and able to bend further [46] .
High-Resolution Melting Analysis (HRMA)-Based Assay
The HRMA assay involves DNA sequence amplification by qPCR covering about 90-200 bp of the genomic target, incorporating fluorescent dye followed by amplicon melt curve analysis [47] . HRMA is considered the most sensitive and simple method and compatible with a high-throughput screening format (96-well microliter plates). The whole procedure for genomic DNA preparation and mutation detection takes less than 2 hours, because of the nondestructive nature of the method. Further sequencing and gel electrophoresis might be used to analyze amplicons [48] . However, HRMA has some limitations because it is unable to detect larger indels and the costs are also very 
High-Throughput Tracking of Mutations (Hi-TOM)
Hi-TOM is an online tool (http://www.hi-tom.net/hi-tom/) that is used for the precise and quantitative detection of mutations caused by the CRISPR system. Hi-TOM does not require any additional data analysis or complex parameter configuration. It is easy to use and requires no specialist expertise in bioinformatics or next-generation sequencing (NGS). It has been found to be a more reliable and sensitive tool through analysis of human cells and rice tissues. Because of its convenience and simplicity, this tool has become the most suitable high-throughput detection methodology for mutations induced by CRISPR/Cas systems [50] .
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Whole-Genome Sequencing (WGS) to Detect On-and Off-Targets
It is crucial to understand the scope of on-and off-target mutations in edited crops by any GE technology. WGS is a most effective technique for the identification of various kinds of mutations, such as small indels, SNPs, and structural variations, including major deletions, inversions, duplications, and rearrangements [51] , and has already been exploited for detecting off-target mutations caused by Cas9 in various crops. WGS has a high cost due to the requirement for relatively high sequencing depth (>50) [48] . Moreover, the detection of low-frequency mutations when sequencing depth is low remains challenging [52] .
Applications of CRISPR/Cas9 and Other CRISPR/Cas Systems in Diverse Plant Species
CRISPR/Cas9 technology has been used to modify a wide range of plant species, including Arabidopsis [53] , rice [54] , wheat (Triticum aestivum) [55] , maize [56] , soybean (Glycine max) [57] , sorghum [58] , cotton (Gossypium hirsutum L.) [52, 59] , rapeseed (Brassica napus L.) [60] , barley (Hordeum vulgare L.) [61] , Nicotiana benthamiana [62] , tomato (Solanum lycopersicum L.) [63] , potato (Solanum tuberosum) [64] , sweet orange (Citrus sinensis L.) [65] , cucumber (Cucumis sativus L.) [66] , wild cabbage (Brassica oleracea L.) [61] , wild legume (Lotus japonicus L.) [67] , lettuce (Lactuca sativa L.) [68] , Medicago truncatula [69] , Marchantia polymorpha [70] , tobacco (Nicotiana tabacum L.) [71] , Nicotiana attenuata [68] , Petunia hybrida [72] , grape (Vitis vinifera L.) [73] , apple (Malus pumila) [74] , tropical staple cassava (Manihot esculenta) [75] , watermelon (Citrullus lanatus) [76] , and others ( Table 2 ). There have been multiple examples of the application of CRISPR/Cas9 editing, as follows.
Targeted Mutagenesis
As described above, the CRISPR/Cas system can induce sequence-specific mutagenesis to interrupt genes to evaluate their functions and be used for trait improvement in crops [77] . By mutation of its nuclease domains, Cas9 can be transformed into a DNA-binding protein. The consequence is that its DNA binding activity remains intact, whereas the DNA cleavage activity is deactivated. Direct or indirect fusion of this 'dead' Cas9 (dCas9) nuclease to an effector domain can be utilized to guide fusion proteins to specific sites in the genome [78] . This allows the exploitation of CRISPR/Cas for various site-specific modifications, including epigenetic changes [79] , regulation of gene expression [3] , and BE without induction of DSB, such as facilitated by fusion with deaminases in rice, wheat, and maize [36] or imaging of genomic loci in live leaf cells of N. benthamiana [80] .
Multiplex GE
CRISPR has the potential to create mutations simultaneously at more than one genomic site by using multiple sgRNAs, in any organism. CRISPR/Cas9 has also been used for multiplex GE, which enables the rapid stacking of multiple traits in an elite variety background [81] . Multiplex gene editing also provides a powerful tool for targeting multiple members of multigene families. It can be achieved in two ways, by either constructing multiple gRNA expression cassettes in separate vectors or assembling various sgRNAs in a single vector [82] .
Recently, a study by Wang et al. [82] reported the strategy of enabling the clonal reproduction of F 1 rice hybrids through seeds. Heterozygosity of F 1 hybrid rice was fixed by multiplex CRISPR/Cas9 GE of three meiotic genes (REC8, PAIR1, and OSD1) for the production of clonal diploid gametes and tetraploid seeds. Furthermore, the editing of the MATRILINEAL (MTL) gene, which is involved in fertilization, could induce the formation of haploid seeds in hybrid rice. Combining fixation of heterozygosity and haploid induction by simultaneous editing of these genes (REC8, PAIR1, OSD1, and MTL) in hybrid rice resulted in plants that could propagate clonally via seeds. Another report by Khanday (Continued on next page) The da2 and da1 are serving as negative regulators of organ size [122] (Continued on next page) (Continued on next page) (Continued on next page) [128] (Continued on next page) (Continued on next page) et al. [83] showed that expression of BABY BOOM1 (BBM1) in sperm cells of rice and its ectopic expression in the egg cell is adequate for parthenogenesis. The zygotic expression of BBM1 is normally limited to the paternal allele, but biparentally expressed later. Triple knockout of the BBM1, BBM2, and BBM3 genes causes embryo abortion and arrest, whereas male-transmitted BBM1 fully rescues embryo development.
Gene Regulation: CRISPR Interference and Activation
The CRISPR interfering (CRISPRi) system is used as an orthogonal system in a variety of living organisms; the requirements are only a coexpression of a catalytically inactive Cas9 protein and a modified sgRNA, designed with a complementary region to any gene of interest. The CRISPRi system is derived from the S. pyogenes CRISPR pathway. The complex comprising Cas9 and sgRNA binds to DNA elements complementary to the sgRNA and causes a steric block that stops transcript elongation by RNA polymerase, so repressing the target gene. Therefore, CRISPRi has been considered as an effective and precise genome-targeting platform for transcription control without changing the target DNA sequence [84] . dCas9 is a useful and robust tool for the regulation of transcription levels of any target gene. The gRNA directs the binding of dCas9 to any genomic locus that can efficiently stop the progress of RNA polymerase to the downstream gene. In bacterial cells, CRISPRi is a more useful genetic engineering tool for gene knockdown compared with RNAi, because it avoids cell death through disruption of the genome [85] .
dCas9 is fused to a transcriptional activator domain VP-16 and uses an sgRNA sequence to direct it to the target site. VP-16 interacts with TF-IIH, which is one of the main constituents of the basal transcriptional apparatus and enhances gene expression [86] . In various plant species, an efficient multiplex transcriptional activation has been successfully developed using the CRISPRAct2.0 and mTALE-Act systems. These tools can activate more than four genes at the same time and can be used to evaluate positive feedback transcriptional loops and the control of tissue-specific gene activation [87] ; however, it does introduce more off-target effects [88] . To solve this problem, a potent transcriptional activation tool termed dCas9-TV has been developed using VP128 (which possesses an additional VP64 moiety, which is an activation domain) that was joined to six copies each of plant-specific activation domains (ethylene response factor 2m and EDLL) and guided by a single sgRNA. This assembly promoted up to 55-fold activation of the target gene compared with the conventional dCas9-VP64 system [89] .
Epigenetic Modifications
Epigenetic and post-translational protein modifications, for example, DNA and histone acetylation/ methylation, ubiquitination, SUMOylation, and phosphorylation, can alter chromatin structure and regulate gene expression patterns [90] . The dCas9 fusion proteins can be used as sequence-specific synthetic epigenome converters, which alter local epigenetic status and the expression of related genes. dCas9 fused to epigenetic regulatory factors involved in histone acetylation, or methylation of DNA, can be used to modulate chromatin activity and gene expression patterns involved in plant development and environmental adaptation [86] . Recently, targeted DNA methylation or demethylation has been achieved in Arabidopsis [91] . The histone demethylase Lys-specific histone demethylase 1 (LSD1) fused to Neisseria meningitidis dCas9 has been used for experimentally controlling gene repression [92] .
Gene Replacement and Gene Knock-in
DSBs at targeted genome sites are repaired either by HDR (also known as targeted integration [93] ) or NHEJ, which can allow gene replacement or gene knockout, respectively [81] . CRISPR/Cas has successfully been used for gene replacement in plants [94] . One example is the replacement of the endogenous 5-enolpyruvylshikimate-3-phosphate synthase (OsEPSPS) in rice with a gene encoding a form of the protein tolerant to the herbicide glyphosate. Gene replacement frequency was about 2.0% [95] . HDR-mediated gene replacement has also been achieved in N. benthamiana protoplasts [96] .
The CRISPR/Cas9 and other CRISPR/Cas systems represent major technological developments for GE, but efforts must be made to improve their efficiency for a range of organisms, including major crops (Figure 3, Key Figure) .
Concluding Remarks and Future Perspectives
CRISPR/Cas9 has been considered one of the most powerful tools for GE of various important crops, because of its high efficiency, relatively low cost, and ease of use compared with other GE techniques, such as ZFNs and TALENs. CRISPR/Cas9 has begun to revolutionize biological research, as the method of choice for targeting specific genome sequences in simple or complex organisms. Although significant progress has been made to increase its efficiency and target specificity, more work remains to be done to improve it (see Outstanding Questions). Although some limitations of the CRISPR/Cas9 system limit its widespread use, different strategies are being developed to improve its effectiveness for editing human, animal, and plant cells.
Key Figure
Future Recommendations/Perspectives for the CRISPR/Cas System i. The size of the CRISPR/Cas9 system is relatively large, and so it is not suitable for packing into viral vectors. A smaller-sized CRISPR system is required for efficient GE in crop species.
ii. The requirement of a PAM site at the target sequence limits the application of Cas9 because canonical spCas9 only recognizes the NGG PAM site once every 8-16 bp. A multiple PAM site selection system is needed to increase target scope.
iii. Plant GE technology based on type II CRISPR/Cas system depends upon Agrobacterium tumefaciens or direct gene transfer, using cultured plant tissues. However, in many crops or other plant species, genetic transformation and/or regeneration from tissue culture is not efficient; it takes a long time to select and characterize mutants and can generate somaclonal variation, which creates additional mutations. Therefore, to overcome this problem, the use of tissue culture-free GE systems, such as ribonucleoproteins (RNPs), viral delivery, and nanoparticle systems provide alternatives that can accelerate the GE process. Tissue culture-free GE systems are likely to be easier, cheaper, and less expertise-intensive. At the same time, it can increase the efficiency of CRISPR/Cas and reduce the time required to generate edited plants.
iv. There is a need to increase the efficiency of knock-in homologous recombination. This requires research effort to be directed to improving HDR and viral vector efficiencies. New strategies or systems should be considered that involve inhibiting endogenous NHEJ activity or the application of CRISPR-associated transposases.
v. It is necessary to avoid off-target effects by CRISPR/Cas9, and new and improved strategies are required, not only to avoid, but also to detect more easily, off-target effects.
